We report the first measurements of mass gain and expansive strain in clay ceramics immediately following firing. The results show that both mass gain and expansive strain follow a well defined two-stage process, each stage of which is linear with (time)
Introduction
Moisture expansion in fired clay ceramics is a chemically driven deformation process associated with the chemisorption of water. The underlying mechanisms are as yet poorly understood. Knowledge of the kinetics of this process is of particular relevance in engineering where such long-term expansion is a critical factor in aspects of structural design. We have previously reported a new (time)
1/4 law [1] that describes moisture expansion kinetics over relatively long timescales (days/weeks/years). Here we present the first measurements of both moisture expansion and associated mass gain in clay brick ceramic at very early times after firing (0 < t < 1.5 h). The remarkable feature of these results is that two distinct stages, both linear with (time) 1/4 , are evident in the reaction kinetics with a transition from first to second stage starting at t ∼ 1.5 h. Strikingly, there is a single continuous linear relationship between expansive strain and mass gain throughout both the first and the second stages, 3 Author to whom any correspondence should be addressed.
indicating that the same fundamental process is responsible for expansion in both stages. All of these results are consistent with expansion and mass gain arising from a rehydration reaction that is rate-controlled by the diffusion of water molecules on a linear or low-dimension structure. Although single file diffusion in low-dimension systems has received considerable attention in theoretical studies [2] [3] [4] [5] [6] , our data on expansion and mass gain kinetics in ceramics are thus far unique in providing experimental evidence for these processes over a very wide range of timescales ranging from minutes to centuries (10 2 -10 10 s).
Experimental work
All experiments were carried out on freshly fired bricks. The bricks used here had been manufactured from a mixture of carbonaceous shale and Etruria marl which was extruded, fired from ambient to 1040
• C over 35 h and held at this temperature for 4 h. A typical brick of overall dimensions 219 × 100 × 62 mm 3 and the porosity by ±0.004.) Four freshly fired bricks from the same batch were removed from the kiln and transported to the laboratory in an insulated and sealed container. In the laboratory, two of the bricks were placed in a steel vacuum tank and allowed to cool under a vacuum of 0.1 Pa for 24 h. The purpose of cooling under vacuum was to enable strain and mass measurements to be carried out in the absence of any superimposed thermal effects. No reaction takes place under vacuum, just as no reaction could take place in the sealed container, because there is no available moisture [1] . While these samples were cooling, mass and strain measurements were carried out on the two remaining bricks. For the mass measurements, one brick was placed on a balance (weighing to 0.01 g) and thermally isolated from the balance-pan by means of a thin-walled, hollow steel container. At the start of measurement the surface temperature of the brick was about 150
• C. For the first 2 h, mass measurements were taken at equal intervals of t 1/4 = 0.25 min 1/4 (corresponding to increasing intervals of t). Thereafter, mass gain was recorded over a number of days with increasing intervals between measurements. For the strain measurements, the second brick was placed in a purpose-built strain measurement rig. In this rig one end of the brick was placed in contact with an end-stop on a fixed base and an adjustable end-stop, carrying a linear variable differential transformer, was brought into contact with the other end. The linear variable differential transformer (LVDT, GT 2500, RDP Electronics) had a range of ±2.5 mm, a resolution of 0.1 µm and ±0.07% deviation from full scale linearity. Displacement measurements were recorded over 21 h at which time measurement was concluded in order to begin measurement on the vacuum-cooled brick. Mass and strain measurements were carried out on the two bricks that had been cooled under vacuum using the same measurement intervals described above. All measurements were carried out under ambient laboratory conditions (T = 22
• C, RH = 50%). Figure 1 shows both expansive strain and fractional mass gain in the bricks that had been cooled under vacuum prior to measurement. In this figure t = 0 corresponds to the time at which the vacuum was released. In figure 1(a) it is notable that expansion does not begin immediately on release of vacuum, the linear first stage beginning after about 16 min (t 1/4 ∼ 2 min 1/4 ). Upon release of vacuum the pore space is filled with laboratory air. We suggest that the moisture in this air reacts with available sites on the pore surfaces and is instantaneously desiccated as a result. Expansion cannot begin until this, now dry, air is replaced by moist air diffusing into the brick, hence the delayed start of the reaction process. The diffusivity of water in still air is 2.55 × 10 −5 m 2 s −1 . To diffuse from the surface of a brick to the centre involves a minimum straight-line journey of 31 mm. The path through the pore space is considerably longer-tortuosity (which we define as the ratio of the actual distance travelled through the pore system to the straight-line distance) is generally taken to be about 5 [7] -giving an effective distance of 155 mm. The diffusion timescale is therefore approximately 17 min. This is the time needed to distribute water throughout the coarse pore structure-a prerequisite for water entering the matrixand is consistent with the time to the onset of the expansive reaction shown in figure 1(a). Since this time is considerably shorter than the duration of the first stage expansion process (∼1.5 h), we can deduce that the entry of water into the brick by diffusion through the pore space is not rate limiting. We extend this argument by considering the fractional mass gain in the vacuum-cooled brick shown in figure 1(b) . The brick type used in these experiments had a pore volume of ∼240 mL. Air at 25
Experimental results and discussion
• C and 100% relative humidity contains approximately 2.3 × 10 −5 g mL −1 of water. For a typical ambient relative humidity of 50%, the water content of the air will be 1.15 × 10 −5 g mL −1 . Ambient air filling the pore space of the brick therefore contains ∼3 × 10 −3 g water. Since this is much less than the first stage mass gain (∼0.11 g), water must be entering the pore space continuously from the external environment to sustain the reaction.
In practice, of course, fired clay ceramics are cooled in air. Figure 2 shows the expansive strain and fractional mass gain results obtained from the other freshly fired bricks. In this figure t = 0 corresponds to the time at which the bricks were removed from the sealed container. At this point, the brick contains desiccated air and expansion and mass gain cannot commence until this has been replaced by moist air diffusing into the brick as in the vacuum-cooled case already described. This leads to a delay of approximately 16 min (t 1/4 ∼ 2 min 1/4 ) before the chemisorption reaction begins, entirely consistent with the data of figure 1.
Qualitatively the data obtained from the vacuum-and air-cooled bricks are the same, only with differences in parameter values. The regression equations show that the expansion and mass gain rates in the vacuum-cooled samples are significantly lower than those in the air-cooled, the differences being greatest during the first stage. This is to be expected since in the early stages the air-cooled brick is at a higher (and non-uniform) temperature than the vacuumcooled specimens and the chemisorption reaction with water will therefore be faster.
Overall from these results it can be seen that both mass gain and expansive strain occur in two distinct stages, both clearly proportional to t 1/4 , when measured both on an aircooled freshly fired brick and the same material cooled to room temperature under vacuum. That the expansive strain results reflect the mass gain results so closely suggests that both processes are associated with the same phenomenon. Figure 3 shows plots of expansion versus mass gain for the vacuum-cooled bricks using the data from figure 1. This figure shows that, despite greatly differing rates of reaction in the two stages, the strain has essentially the same linear relationship with mass throughout both stages. The linearity provides evidence that the underlying physical process is the same during each stage. The straight lines in figure 3 show the linear expansive strain to be about 1.6 times the fractional The discovery that the reaction proceeds in two stages suggests that there is a thin surface layer of material which has more open diffusion pathways, albeit of similar morphology, than the bulk of the solid. (Here we use the term 'surface' to include not only the outer surface of the ceramic, but also the surfaces of the micron-scale pores within the ceramic. Reaction sites on the surfaces where no diffusion is involved will combine instantaneously with water molecules in the air.) The fractional power law dependence is consistent with the hypothesis that the chemisorption process is a diffusioncontrolled rehydration reaction on a low-dimension structure. Such kinetics are explained on the basis that the chemisorption of water by fired clay ceramic occurs by the diffusion of water molecules along random linear pathways through the solid. The theoretical models [4, 6] which predict that the mean square displacement r 2 is proportional to t 1/2 require a single file diffusion of particles. The single file nature of this diffusion implies that the particles (in this case water molecules) are so constrained by the diameter of the pathway that they cannot pass each other. We propose that as the queue of molecules diffuses along such a pathway, the leading molecule will react with the first available reaction site and will thereby be removed from the diffusion process by an annihilation reaction of the form A + B→ 0 [8] . The remaining molecules continue past this-now neutralized-site until the leading molecule reacts with the next available reaction site and so on. This process will lead to the observed t 1/4 kinetics because the amount of reaction-which will produce a resultant mass gain and a consequent expansive strain-is proportional to the distance travelled by the stream of molecules. The mass will increase incrementally as each water molecule combines in turn, because another molecule enters the 'queue' at the start of the pathway. However, any increment of strain will require the actual chemisorption of a water molecule.
Another example of a two-stage adsorption process in a ceramic material has been found by re-analysing the data of Pimenov and Skirda [9] who have measured the fractional mass gain of Vycor glass during the adsorption of butane and hexane vapours. Figure 4 shows the early part of these data (up to t = 600 min), which Pimenov and Skirda attribute to monomolecular adsorption, re-plotted against t 1/4 . From this it can be seen that there are in fact two stages in this adsorption process, both of which are clearly proportional to t 1/4 . This suggests that the adsorption process involves a similar mechanism to that reported here.
Although there is a large body of theoretical work on single file diffusion in low-dimension systems [2] [3] [4] [5] [6] there have been relatively few experimental studies of this phenomenon. Such experimental work has included studies of molecular diffusion in zeolites [10, 11] and measurements of the diffusion of colloidal particles in one-dimensional grooves [12] or channels [13, 14] . The timescales of these experimental studies are extremely short: microseconds in the case of zeolites [14] , and tens to hundreds of seconds for colloidal spheres. Further, the experiments with colloidal spheres were designed specifically to produce single file diffusion conditions and it has as yet not been possible [3] to create an experimental system of sufficient duration to allow long-term data to be obtained. We suggest that fired clay ceramics may provide an opportunity for longterm studies of this nature. We have shown previously [1] that fired clay ceramic still exhibits reactivity even after 1900 years.
Conclusions
Early time and longer term measurements of expansive strain and mass gain of freshly fired clay ceramics show that these processes occur in two distinct stages. The kinetics indicate that both expansion and mass gain are linear with (time) 1/4 in each stage and that the transition from first to second stage commences after approximately 1.5 h. The results provide evidence that expansion and mass gain in both stages is caused by the same underlying process.
These results are consistent with theoretical studies that show that for the single file diffusion of particles along linear pathways the mean square displacement of the particles r 2 is proportional to t 1/2 . Limited experimental results in the literature [10] [11] [12] [13] [14] on single file diffusion confirm this. To these experimental results we can now add the data given in this paper which show that the two-stage kinetics of mass gain and moisture expansion in fired clay brick are clearly proportional to t 1/4 . The timescales associated with these reactions far exceed those in other experimental systems.
